Abstract-In order to search and rescue the victims in rubble effectively, a 3D model of the cavity is required. This paper presents a cavity detection method based on machine vision for disaster rescue robot. Laser ring projection technique is developed to lighten the profile of cross-section of the cavity and draw a line around the internal surface. A CMOS camera is used to capture the images which consist of essential profile information as well as various noises. The method of image acquiring and image preprocessing is also described. However, due to the inevitable influence of the harsh environment and lighting conditions, the profile in the acquired image might be partitioned into several segments. Thus, a method of detecting the curve segments based on vector argument is proposed. The 3D model of the cavity is reconstructed by using a series of complete and accurate cross-section profiles which are fitted by the improved cubic B-spline interpolation. Experimental results show that the proposed profile tracking algorithm is effective and adaptable.
INTRODUCTION
The disasters happened in city always cause the collapse of buildings, such as earthquakes, terrorist activities, floods and cyclones. The totally unstructured rubble of collapsed building has become the most dominant cause for fatalities, under which many victims are buried. Difficulties and dangers faced in searching and rescuing victims in the rubble impelled a new research field termed urban search and rescue (USAR) [1] , which is an extremely dangerous and challenging task.
The instability of collapsed building makes the search and rescue activities very difficult and dangerous, and the narrow working space makes it more difficult to launch the rescue missions. Therefore, disaster rescue robots can be provided as efficient and reliable rescue equipments for the emergency disaster rescue [2] , which can reduce the risk to rescue people and dogs. The cavity profile detection methods have been mentioned in extensive literatures and can be categorized into several forms, such as laser-scanning method, PSD (Position Sensitive Detector) scanning method, ultrasound measurement, endoscopic measurement, and machine vision-based measurement. Laser scanning method [3] and ultrasonic measuring method [4] can be used to obtain the dimensions and shape of the cavity, the principle of which is to measure the distance from emission source to cavity surface based on the pulse reflection theory of light waves or sound waves. However, the general application of these methods is to detect the defects, holes, voids in industrial products, or to test the defects and flows in a small scope of the inner surface of cavities, not suitable to detect the whole profile of a cavity. PSD scanning method is based on the characteristics of position sensitive sensors [5] . PSD sensor can directly transduce the light's projected position on its sensor plane into an analog current and lends itself to fast real-time tracking. According to the signals and detector structure parameters, the local 3D coordinates of the corresponding spot can be calculated. The counter points of the cross-section can be obtained by rotating the mirrors actuated by a micro-motor. However, the method is only applicable to surface morphology inspection of micropipeline, not to the detection of cavities in the ruins which are harsher and more complicated. Endoscopic measurement method, which images the object by optical system, transfers the image to human eyes or display devices for a direct observation. The disadvantage of this method is the fact that it may cause large errors in dimensions and shape of the cavity, as these parameters are obtained only by the inspectors' judgment with their eyes [6] . The measurement method based on machine vision is widely used in recent years [7] , which uses a inexpensive CCD or CMOS camera to capture 2D images and processes the images by a personal computer. However, there are very few methods based on machine vision that can be directly applied in the complex cavity-like environment, because most algorithms are developed for the inspection of pipelines with uniform caliber or regular shape [8] .
II. HARDWARE AND SOFTWARE
In our laboratory, the unstructured void model was built using cardboard to simulate the actual cavity in the preliminary experimental study. The cavity detection was performed using a small rescue robot carrying a camera and laser that traveled down the cavity and recorded video to a VCR or DVD recorder. The camera is a high-quality color CMOS camera from SparkFun Electronics, Inc., USA, which provides vivid color video at 640x480 resolution and has a wide operating voltage (5V to 15V). The laser transducer was mounted in front of the camera on the robot's head. It is notable that the method, which can cope with the presence of obstacles blocking the passage or restricted sections in front of the robot, is beyond the scope of this paper. The software was implemented in VC++ development platform and performed in real time at 25 frames/second when operating on a standard 2.66GHz personal computer equipped with a Microvision MV-200 video capture card. In order to obtain an interactive view of the cross-section of cavity, a 3D profile viewer was written using the OpenGL graphics library [9] to make the 3D model to be intuitively displayed.
III. RESEARCH METHODOLOGY
Exact knowledge of the cavities is a fundamental problem in rescue robot application for disaster relief. In researching a solution to search and rescue victims effectively, researchers and engineers have developed a variety of systems, sensors, and techniques. However, to date, there is no truly elegant solution for this problem.
The primary motivation for the work reported in this paper has been the need to develop a low-cost system capable of providing high-precision and high-efficiency cavity detection services for rescue robot in harsh environment. In particular, efforts have been focused on the development of cavity detection method using laser ring projection technique based on machine vision. It was found that the objects in the acquired images appear blurry and indistinct, which could cause difficulty when obtaining profile information from the original and unprocessed images. Therefore, an image processing method is presented in this paper to extract the profile of the cavity accurately. The software based on the image processing method is also developed to test the cavity profile detection method.
A. Image Acquisition
The rescue robot carrying a camera and a laser traveled down into the cavity. Laser ring was projected onto the inner surface of the cavity. As the light hit the walls, it was reflected back towards the camera carrying an imprint of the cavity. The imprint contained the information of the crosssectional profile, which was captured by the CMOS camera and required for the reconstruction of 3D model.
B. Object Detection 1) Problem analysis:
Nowadays, many different theoretical and practical methods have been proposed for target detection, edge detection is one of the most widely used methods. There are many ways of achieving this goal actually [10] , such as Hough transform, Prewitt edge detector, Roberts edge operator, Canny edge detector, Sobel edge detector, Marr-Hildreth and Marr-Poggio operators.
The laser profile in the acquired image is characterized by the following properties:
The color in the target area is mainly red and much lighter than that of other areas. The width of laser profile is larger than one pixel. The target contour is probably incomplete (unclosed or partitioned into several segments) because of the harsh condition, the irregular profile or the impact of illumination. In consideration of the properties mentioned above, the conventional edge detection can only detect the boundaries between the target area and the background area. However, the detected boundaries have double loop curves caused by the width of the laser ring. In order to obtain the accurate profile of the cavity in ruins, it is necessary to extract as many as possible of the curve segments, though there is no standard algorithm to solve this problem reasonably. According to different properties of the contours and different application requirements, the proposed methods are different. The common principle of profile tracking algorithm is to choose the special pixels of the contour according to some efficient detection criteria, and then track the residual pixels by some fast tracking criteria.
The active contour model introduced in this paper is also commonly known as the "snake", which can handle topological changes automatically during the approximation process [11] . In practical application, the snake model is mainly used to offer an initial approximate contour closer to the target contour (called initial outline) before we start detecting the contour accurately. However, the snake model is not applicable to the application of cavity detection for three reasons: 1) the initial outline is unavailable; 2) it is difficult to find a proper energy function for the algorithm; 3) the snake model is generally time-consuming due to complex calculations. According to the special properties of the images acquired in this study, a new contour tracking method based on vector rotation is proposed, which can track the contour segments more effectively.
2) Image preprocessing: For the purpose of contour tracking, the original image needs to be preprocessed and the following three basic requirements should be met:
The target curve is of one pixel width. Most noises have been removed to make the contour lines much clearer. The non-contour interference caused by different illumination conditions has been eliminated. Mask type smoothing filter, binary process, and thinning process are adapted in the image preprocessing algorithm to meet the above requirements. The experimental results show that the processed image appears less interference and much clearer. Then to find an algorithm to compute the connected components of the binary image, which are the maximal connected sets of pixels. There are various algorithms for connected component analysis based on different data structures. In particular, the simplest algorithm is recursive [12] : find next unlabeled pixel in image matrix, spread recursively to neighbors, mark visited pixels by current label. The image is partitioned into connected components with a labeled equivalence relation using an equivalent label table.
C. Profile Tracking 1) Curve segment tracking:
Each extracted connected component is copied into a blank image, which has the same size as the original image, and placed in the same relative position, so as to keep the consistency of pixel coordinates. The tracking procedure is implemented as follows:
Step1: Scan all pixels from left to right and top to bottom, until the starting point is found. Then mark it with Startp and push it into a stack, as shown in Fig. 1 Step3 and Step4. The pixels are saved in a stack as Fig. 1(b) shows. If there are one or more target points in the stack, restore the points found before Step5 in reverse order. Step6: Insert the points obtained in Step5 into the head of points found before Step5, as in Fig. 1(c) . So far, contour tracking has been completed and profile points have been extracted. The method of setting the point Exp and its neighbors as the background used in Step2 and Step3 is referred as erasure method, which has the following advantages:
Reduce the interleaved access to global memory by processing the new image directly, without comparing with the original image. Prevent the impact of the points which have been tracked by erasing them completely.
Eliminate the influence of small-scale closed-line which might results in the endless loop as shown in Fig.2 . Some contour points are eliminated incorrectly, which may cause undesirable disruption of the tracking process, but the shape and dimensions of the counter are rarely affected. Moreover, the subsequent neighbor expansion method eliminates the influence of disruption. Therefore, the erasure method and the neighbor expansion method can complement each other to some extent, which are the key technique of the algorithm. 
2) Contour arrangement:
In order to extract the precise contour information, breakpoints between adjacent regions should be established by examining the sections of contour between the extracted segments, and the extracted contour sections need to be sorted.
A contour arrangement algorithm based on vector rotation is proposed in this paper, which can effectively arrange the broken curves in a definite order.
The origin of pixel coordinates is at the center of the contour, so that each contour point corresponds to a twodimensional vector. According to the characteristics of the image, the contour line is not a complex concave polygon. If there is more than one interaction point between a laser beam and the abstracted contour (see Fig. 3(a) ), the distal part of internal wall must be blocked by the proximal part. As a consequence, only the light spot reflected by the proximal internal surface appears in the image. The argument of each vector is different and the angle of the counter pixel is decreasing in a clockwise direction, as shown in Fig. 3(b) . Therefore, the arrangement of contour segments in the order of decreasing angle is feasible and effective.
Assume that the range of angles is (0,360] , and is calculated according to the pixel coordinates ( , )
x y by the following equation (1) . 
The algorithm works as follows:
Step1: Extract each curve segment; calculate the angles of starting point and end point of the curve segment relative to the positive x-axis. If the angle of the starting point is less than that of the end point, reverse the data sequence of storage. A special case is illustrated in Fig. 3(c) , in which the curve segment passes through the horizontal axis. Under such a condition, though the angle of the starting point is less than that of the end point, curve segment is in the correct direction and the reverse operation should be suspended. Step2: Label the curve segments with sequence numbers; obtain the starting point of each segment and compute the argument of its corresponding vector, then all contour segments are arranged in the order of decreasing angle. 
D. Profile Fitting
According to the demand that the tted curve of counter should pass through the measurement points and the gradient direction of the breakpoint should be consistent with that of contours, the cubic B-spline interpolation (CBI) method is used to obtain the approximate function by using formula (2) . The matrix representation of CBI is empirically derived based on the conventional cubic B-spline (CB). IV. EXPERIMENTS In this preliminary experimental study, the scale factor is calculated empirically by using the formula (3), assuming that the relative position of the laser with respect to the camera is fixed and the distance between the robot and the cavity is also fixed. Compared with the existing calibration methods proposed in literature, the calibration approach expressed by Eq. (3) is simple due to the basic assumption, but it appears to be very effective in reducing the computation time and the complexity factor in this study. For the purpose of testing the feasibility of the proposed approach, the robot is supposed to be perfectly perpendicular to the cavity cross-section, though this is hardly the case for uneven surfaces. 
where p A is the area of a standard square (unit cm 2 ) and p N is the number of pixels contained in the square. The value of s is 0.0867cm 2 /pixel, which means that the actual size of a pixel corresponds to an area of 0:0867cm2. For example, if a line contains ten pixels, the actual size of the line is 10 0.0867cm The results show that the cross-section profile of the cavity has been extracted accurately, and its dimensions and shape information could be seen in the software interface. However, the central axis of the cavity could not be obtained from a 2D image, and the axial line of the model shown in Fig.6 was actually measured beforehand. In practical applications, if the 3D structure needs to be reconstructed, the axial line of the cavity should be obtained using some real time positioning techniques. V. CONCLUSIONS The paper presents an image processing approach to map cavity-like environments for rescue robots. A laser generated ring is projected onto the internal surface of the cavity and acquired by a CMOS camera. Then, computer vision is applied to estimate the cross-sectional contour. It is an extremely difficult task to obtain 3D information from the 2D images by image processing techniques. The application of machine vision in cavity detection is highly constrained by several factors, such as illumination and debris, which may cause the incompleteness of the profile curve.
Hence, a profile tracking algorithm based on vector argument has been proposed on the basis of previous studies, and the cubic B-spline interpolation method is used to conduct the curve fitting process and reconnect those partitioned profile segments. Experimental results show that the proposed profile tracking algorithm is particularly effective for the detection of irregular broken profiles. Compared with the snake model, the proposed algorithm is much simpler, more practical and robust.
Further work will focus on acquiring the axial line of the cavity by a positioning system and implementing the cavity detection system in real-time. Furthermore, different experiments should be conducted with varying lighting conditions, and geometrical dimensions and shapes.
